Seismic data show that glacial unconformities are located within lower Pliocene strata on the Antarctic continental shelves. The glacial unconformities are significant because they provide direct evidence that the Antarctic ice sheets advanced despite the generally warmer climates and elevated sea levels that characterized most of the early Pliocene. The magnitudes of peak eustatic lowstands and 18 O enrichments indicate that the ice volume on Antarctica may have exceeded today's ice volume by approximately 18%, which suggests that the ice-sheet grounding events on the shelves probably were associated with larger than present ice volumes on two to three occasions during the early Pliocene.
INTRODUCTION
On the basis of marine data from the southern high latitudes, Kennett and Hodell (1993) argued that early Pliocene temperatures of Antarctic surface waters increased by a maximum of ϳ3 ЊC and that the volume of the Antarctic ice sheets fluctuated within narrow limits, resulting in a maximum sea-level rise of ϳ25 m. Despite the evidence for ice-volume reductions, the large magnitudes of eustatic lowstands (Haq et al., 1987) and 18 O enrichments (Shackleton et al., 1995) suggest that ice volumes may have also expanded to considerably larger than present levels during the early Pliocene. If these lowstands and 18 O enrichments were due to extreme expansions of the Antarctic ice sheets, direct evidence of such should exist on the Antarctic continental shelves in the form of glacial unconformities. Thus far, lower Pliocene strata have been sampled at Deep Sea Drilling Project-Ocean Drilling Program (DSDP-ODP) sites on the eastern Ross Sea (Hayes et al., 1975) , Antarctic Peninsula (Barker et al., 1999) , and Prydz Bay (Barron et al., 1989) continental shelves (Fig. 1) . In this study, I evaluate the seismic stratigraphy of lower Pliocene strata on the Antarctic shelves to address these questions: Did the Antarctic ice sheets advance across the shelf during the early Pliocene, and if so, were the advances indicative of large increases in the overall ice volume? Given the current global warming and the potential effect of icesheet fluctuations on sea level, understanding the behavior of the Antarctic ice sheets in the early Pliocene, a time of warmer than present climatic conditions, is a fundamentally important issue.
METHODS
This investigation was confined to three continental shelf areas for which high-resolution seismic studies have been previously conducted (the eastern Ross Sea, Alonso et al., 1992 ; the Antarctic Peninsula, Bart and Anderson, 1995; Prydz Bay, Cooper et al., 1991) . These studies were selected because the results are directly correlated to DSDP-ODP sites where lower Pliocene strata were sampled and because the data-acquisition design for the seismic surveys was similar. In addition, these continental shelves received drainage from the three primary components of the Antarctic cryosphere, the West Antarctic ice sheet, Antarctic Peninsula ice sheet, and the East Antarctic ice sheet (Fig. 1) . Table 1 shows the depth and two-way traveltime ranges of the lower Pliocene strata from the DSDP-ODP drill sites. At Sites 271 and 1097, I used a velocity of 2000 m/s to convert the depths to two-way traveltime. At Site 739, a geophysical survey indicates a velocity of 2125 m/s between the seafloor and 130 m below the seafloor (mbsf), whereas below 130 mbsf, a velocity of 2625 m/s is indicated.
Theoretically, a thick ice sheet could thin and advance across the continental shelf with a minimal change in its overall ice volume. To evaluate if ice-sheet advances were also associated with significant ice-volume increases, (Hayes and Frakes, 1975) †Ocean Drilling Program, Antarctic Peninsula Pacific shelf (Barker et al. 1999) §Deep Sea Drilling Program, Prydz Bay shelf (Barron et al., 1989) Figure 2 the seismic evidence from the Antarctic shelves was interpreted in light of two eustatic records (Haq et al., 1987; Greenlee and Moore, 1988) and two ␦ 18 O records (Hodell and Venz, 1992; Shackleton et al., 1995) .
DEPOSITION AND EROSION ON THE ANTARCTIC SHELVES
In the current interglacial, the Antarctic ice sheets terminate near the coast or on the inner shelf, and the outer continental shelves are essentially sediment starved (Anderson, 1999) . During glacial periods, ice sheets advanced well into the marine realm. At these times, the inner shelves became a zone of net erosion (ten Brink et al., 1995) , and sediments eroded from the continent and inner shelves were incorporated into basal debris zones (Alley, 1989) . On the shelves, the most rapid erosion and sediment transport occurred beneath ice streams, which are wide (several tens of kilometers) zones of fast-flowing ice contained within slow-moving ice. At the mouths of ice streams, subglacial sediments were released as sediment gravity flows that were deposited as low-angle prograding foresets. If the ice sheet advanced to the shelf edge, poorly sorted terrigenous sediments were supplied to upper slope depocenters. Within these depocenters, strata typically have an overall topset and foreset geometry. On seismic profiles, topset surfaces that exhibit regional extent (several tens of kilometers) and broad glacial-trough topography are interpreted as glacial unconformities (Anderson, 1999) .
ANTARCTIC STRATIGRAPHY
Interpretations of seismic profiles from three Antarctic shelves are shown in Figure 2 . The seismic-stratigraphic interpretations are from previous studies of the eastern Ross Sea (Alonso et al., 1992) , Prydz Bay (Cooper et al., 1991) , and the Antarctic Peninsula (Bart and Anderson, 1995) . The gray-shaded areas on the profiles are my correlations of the lower Pliocene strata (Fig. 2) .
On the eastern Ross Sea outer continental shelf, an area receiving drainage from the West Antarctic ice sheet, Alonso et al. (1992) identified eight glacial unconformities (labeled 1-8 in Fig. 2A ). At least one glacial unconformity, number 5, is located within lower Pliocene strata. On the Antarctic Peninsula continental shelf, Bart and Anderson (1995) found seismic evidence for at least 31 glacial unconformities. At least six glacial unconformities, numbers 23, 24, 25, 26, 27, and 28 , are located within the lower Pliocene strata (Fig. 2B) . On the Prydz Bay shelf, an area receiving drainage from the East Antarctic ice sheet, Cooper et al. (1991) subdivided the stratigraphic section into four stratigraphic units (PS.1-PS.4). At least one topset surface is located in the lower Pliocene strata. Thus far, no detailed mapping of this topset surface has been conducted to determine whether it is a glacial unconformity (Fig. 2C) .
EUSTATIC LOWSTANDS
The magnitudes of eustatic lowstands were estimated primarily from seismic data by measuring the vertical-elevation change of coastal onlap from the end of the highstand to the beginning of the lowstand. The Haq et al. (1987) global-cycle chart indicates three eustatic lowstands in the early Pliocene (Fig.  3A) . The sea-level elevations are approximately Ϫ15 m, ϩ60 m, and Ϫ20 m relative to present-day sea level. Greenlee and Moore (1988) recognized four eustatic lowstands (Fig. 3B) . In their most conservative estimate (i.e., 100 m paleo-water depth model), the lowstand sea-level elevations are Ϫ38 m, Ϫ35 m, Ϫ4 m, and Ϫ1 m relative to presentday sea level. Shackleton et al. (1995) constructed a highresolution ␦ 18 O record from deep-sea benthic foraminifers at ODP Site 846 (Fig. 3C) , which is located in the eastern equatorial Pacific Ocean. The sampling interval was 10 cm, which corresponds to a temporal resolution of ϳ2500 yr. At this site, there are three pronounced 18 O enrichments (Fig. 3C) raw samples (3.46‰, 3.66‰, 3.55‰, 3.38‰, and 3.44‰) contributed to the smoothed peak of 3.55‰ at 4.0 Ma. These 18 O enrichments far exceed the mean ␦ 18 O value for the early Pliocene (ϳ2.85‰) and also exceed today's expected median ␦ 18 O value for the site (dashed line at 3.2‰).
O ENRICHMENTS
Hodell and Venz (1992) constructed a ␦ 18 O record from deep-sea benthic foraminifers at ODP Site 704 (Fig. 3D) , which is located in the sub-Antarctic south Atlantic Ocean. The lower frequency of fluctuations is due to a coarser sampling interval. At Site 704, there are two peak 18 O enrichments. The ␦ 18 O values are ϳ3.07‰ and ϳ3.02‰, respectively. These 18 O enrichments exceed the mean ␦ 18 O value (ϳ2.8‰) for the early Pliocene and closely match today's expected median ␦ 18 O value for the site (dashed line at 3.0‰).
GROUNDING EVENTS OF THE ANTARCTIC ICE SHEET
The seismic evidence illustrates that the West Antarctic ice sheet grounded at the paleo-shelf edge at least once during the early Pliocene, whereas the Antarctic Peninsula ice sheet advanced to the shelf edge at least six times (Fig. 2, A and B) . The seismic evidence on the Prydz Bay shelf is not sufficient to directly determine whether the East Antarctic ice sheet advanced during the early Pliocene, but the topset surface from Prydz Bay (Fig.  2C) suggests that that ice sheet may have advanced across the shelf. In addition, Barron et al. (1989) found that the lower Pliocene units recovered from Site 739 were composed entirely of massive diamictite. They interpreted the diamictite as waterlaid till deposited in proximity to the ice-sheet grounding line (the zone where the ice sheet lifts off the seafloor to form an ice shelf). The location of proximal till at Site 739, ϳ35 km from the paleo-shelf edge, indicates that the East Antarctic ice sheet advanced at least to the outer shelf sometime during the early Pliocene. The seismic evidence is significant because it demonstrates that the warmer than present climates that characterized most of the early Pliocene did not preclude advance of the Antarctic ice sheet.
EARLY PLIOCENE ICE VOLUME: IMPLICATIONS FROM EUSTATIC RECORDS
Given the relatively high frequency and large magnitude of the early Pliocene sea-level falls, volume-change mechanisms not involving ice (e.g., reduction in the volume of the mid-oceanic ridges and hotspots; thermal contraction of the ocean waters; charging of groundwater reservoirs) probably did not contribute significantly to the peak eustatic lowstands. Hence, the early Pliocene lowstands must contain a significant glacio-eustatic component. In terms of ice volume, the presentday sea-level elevation (dashed line in Fig. 3 , A and B) is primarily controlled by the Greenland ice sheet, which contains an ϳ7 m sealevel equivalent (SLE), and the Antarctic ice sheet. However, because the Northern Hemisphere ice sheets did not develop until the late Pliocene (Berggren, 1972) , the solid vertical line at ϩ7 m in Figure 3 (A and B) corresponds to the expected sea-level elevation if the Greenland ice sheet did not exist and the Antarctic ice sheets existed in their present configuration. If during the early Pliocene, the Antarctic ice sheets attained the ice volume reached at the last glacial maximum (LGM) as described by Hughes et al. (1981) , then the Antarctic ice sheets would have been larger than at present by 24 m SLE. However, because 7 m SLE of the additional ice volume was grounded below sea level (and hence would not affect sea level), eustatic sea level would have fallen by only 17 m SLE. Therefore, the dash-dot vertical line at Ϫ10 m in Figure 3 (A and B) corresponds to the expected sea-level elevation if the Antarctic ice sheets expanded to the volume attained at the LGM.
That the peak eustatic lowstands on the eustatic records far exceed the ϩ7 m and Ϫ10 m values suggests either that the volume of the Antarctic ice sheets exceeded the ice volume attained at the LGM or that the sequencestratigraphy estimates of maximum eustatic falls are too large. Taken at face value, the eustatic evidence suggests that larger than present land-based ice volumes may have existed on a few occasions during the early Pliocene.
EARLY PLIOCENE ICE VOLUME: IMPLICATIONS FROM ␦ 18 O RECORDS
The present-day expected median ␦ 18 O values (dashed line in Fig. 3 , C and D) are primarily a result of the present-day configurations of the Antarctic ice sheets and Greenland ice sheet, and the current temperature of the deep seas in which modern benthic foraminifers secreted their shells. The limiting value on the maximum cooling of the deep-sea water temperature is probably the temperature of the Antarctic Bottom Water at the site where it is produced on the Antarctic continental shelves. Weyl (1968) argued that this bottomwater production was reduced during the glacial periods when ice cover on the shelves was more permanent. Given that the seismic evidence suggests that the Antarctic ice sheets grounded on the continental shelves in the early Pliocene, the extent of the production sites must have been reduced during these glacial episodes. If the supply of cold Antarctic Bottom Water to the deep sea was reduced during these glacial periods, then the temperature of the deep-sea waters probably would not have cooled further beyond the present-day deepsea temperature of ϳ1 ЊC. If this reasoning is accepted, then the early Pliocene peak 18 O enrichments beyond today's median expected ␦ 18 O values probably contain a significant ice-volume component. The solid lines in Figure  3 (C and D) correspond to the expected ␦ 18 O value if the Antarctic ice sheet existed in its present configuration and the Greenland ice sheet did not exist (calculated by using a conversion factor of 0.1‰ ϭ 10 m SLE). If during the early Pliocene, the Antarctic ice sheets attained an ice volume equal to that reached by those ice sheets during the LGM (i.e., ϩ17 m above sea level and ϩ7 m below sea level ϭ ϩ24 m SLE; Hughes et al., 1981) , then the ␦ 18 O values would be enriched by ϳϩ0.34‰. The conversion factor used to estimate the ␦ 18 O value for the additional 24 m SLE on Antarctica is the same as that used by Kennett and Hodell (1993) to compute the maximum reduction of the Antarctic ice sheets during the early Pliocene (i.e., 0.1‰ ഠ 7 m SLE).
At ODP Site 846, the three peak 18 O enrichments far exceed the ␦ 18 O value expected for today, and the largest 18 O enrichment exceeds the ␦ 18 O value expected for an LGMtype ice-volume expansion of the Antarctic ice sheets (dash-dot line in Fig. 3C ). At ODP Site 704, the fact that the magnitudes of the early Pliocene peak 18 O enrichments exceed today's expected median ␦ 18 O value suggests that the Antarctic ice-sheet grounding events were associated with a larger than present ice volume. Judging from high-resolution data at Site 846, peak 18 O enrichments are brief events. Hence, because of the coarser sampling at Site 704, the peak 18 O enrichments probably were undersampled and aliased on the Site 704 ␦ 18 O record. Taken at face value, the Site 846 ␦ 18 O record suggests that larger than present ice volumes may have existed on three brief occasions during the early Pliocene.
CONCLUSIONS
The seismic and lithologic data from lower Pliocene strata from the Antarctic shelves demonstrate that the West Antarctic ice sheet and Antarctic Peninsula ice sheet grounded at the paleo-shelf edge in the eastern Ross Sea and Antarctic Peninsula and that the East Antarctic ice sheet grounded at least to the outer shelf in Prydz Bay. The magnitudes of peak eustatic lowstands and 18 O enrichments in the early Pliocene suggest that global ice volumes exceeded that attained at the LGM on a few occasions. Because there was no significant ice in the Northern Hemisphere until the late Pliocene and because nonice volume effects probably did not contribute significantly to the peak lowstands and 18 O enrichments, I surmise that early Pliocene Antarctic ice-sheet grounding events probably were associated with larger than present ice volumes despite the generally warmer climates and higher sea levels.
